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Introduction 51
Nowadays there is a growing interest in the development of biodegradable 52 polymers to reduce the dependence on fossil fuels and to change to sustainable 53 materials. Poly(ε-caprolactone), PCL, is a biodegradable semicrystalline and linear 54 aliphatic polyester produced by chemical synthesis from crude oil via the ring opening 55 polymerization of caprolactone monomer. PCL has shown degradation by the action of 56 aerobic and anaerobic microorganisms that are widely distributed in various 57 ecosystems, being its biodegradation very slow and leading to the formation of carbon 58 dioxide, water, methane, biomass and mineral salts [1] [2] [3] . However, large-scale 59 application of PCL has been limited because of its relative high price (ranging 4.50-6.00 60 M A N U S C R I P T ATR-FTIR spectra were collected by using a Bruker Analitik IFS 66 FTIR 163 spectrometer (Ettlingen, Germany) equipped with a DTGS KBr detector, a Golden Gate 164
A C C E P T E D
Single Reflection Diamond ATR accessory (incident angle of 45º), and OPUS 3.1 data 165 collection software program. Films (1 × 1 mm 2 ) were directly placed on the ATR crystal 166 area. Spectra were recorded in the absorbance mode from 4.000 to 600 cm −1 , using 64 167 scans and 4 cm −1 resolution, and corrected against the background spectrum of air. Two 168 spectra replicates were obtained for each sample. 169 170
Mechanical properties 171
Tensile tests were performed using a 3340 Series Single Column System InstronM A N U S C R I P T The surface morphology of neat PCL and PCL/AS composite films was studied 258 by scanning electron microscopy ( Table 1 shows the average of the main 272 significant bands observed for each sample in the spectra. 273
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Significant differences were observed between neat PCL and the obtained bio-274 composite films as a result of the addition of the AS residue regarding the wavenumberM A N U S C R I P T
and maximum absorbance values of the wide band appearing at 3400 cm -1 which is 276 characteristic of the O-H bonds (p < 0.05). As a result, a significant increase in 277 absorbance was obtained for this band with increasing AS weight fraction in the 278 formulations (p < 0.05). This band is characteristic of the AS residue spectrum (Fig.  279 2.b), and it could be related with stretching vibrations of the hydroxyl groups of 280 carbohydrates such as glucose, galactose and manose as major components present in 281 AS [19, 24] ; which are formed by carbon, hydrogen and oxygen with general formula 282
In addition, statistical significant differences between neat PCL and bio-284 composites were observed regarding the wavenumber value of the band observed at 285 2940-2870 cm -1 (p < 0.05) ( Fig. 2 .c). In this case, as filler content increased, the 286 intensity of the band observed at 2943 cm -1 tended to decreased. This fact could be due 287 to a lower PCL content in the composites [29] . 288
Significant differences between samples were also found regarding the peak at 289 The incorporation of AS particles clearly influenced the mechanical properties of 298 pure PCL matrix with increasing weight fraction ( Table 2) . As a result, a significant 299 increase in the elastic modulus of these samples was observed with the addition of theM A N U S C R I P T
13 almond residue (p < 0.05) for PCL10% and PCL20%. This fact is due to the high tensile 301 modulus of particles compared with neat PCL and indicates that the rigidity of the 302 material increased with the addition of the filler [24] . The highest elastic modulus value 303 was obtained at 10% loading, in contrast with PCL30% which showed lower value than 304 neat PCL. These results are in agreement with the filler dispersion inside the matrix 305 previously analyzed by SEM; where higher filler dispersion and better adhesion 306 between AS residue and PCL matrix was observed for PCL10% whereas some 307 agglomeration of the filler takes place for PCL30% (Fig. 1) . 308
The incorporation of the filler also drives to a significant decrease in the 309 elongation at break with increasing AS content (p < 0.05). As it can be seen (Table 2) melting parameters (temperature and enthalpy) (p < 0.05) was observed for PCL30% 382 (Table 3) . In this sense, the incorporation of the AS residue can restrict the periodic 383 arrangements of PCL chains into its lattice, leading to some loss in the polymer 384 crystallinity in bio-composites than in neat PCL, resulting in decreased melting 385 parameters [5] . Regarding crystallization parameters, the observed decrease in ∆H c and 386 increase in T c in PCL30% (Table 3 ) (p < 0.05) suggested a decrease on the extent and 387 crystallization kinetics of PCL upon heating, probably due to highly restricted 388 segmental motions at the organic-inorganic interface. Indeed, the glass transition 389 temperature (T g ) of this material increased about 5 ºC (Table 3) , thus confirming the 390 occurrence of restricted polymer chain movements after the addition of AS particles 391 [39] . These results are in agreement with those reported in a previous work when 392 studying the effect of cellulose nanocrystals incorporation obtained by acid hydrolysis 393 of Luffa cylindrica fibres as reinforcing phase in PCL nano-biocomposites. In this 394 sense, it was suggested that T g values displacement could be related to the restriction of 395 the rotational backbone motions of PCL polymer chains through the establishment of 396 hydrogen bonding forces between individual fibres into the polymer matrix [32] . 397
Finally, the crystallinity degree obtained for all materials are also shown in TableM A N U S C R I P T
crystallinity between 40-60% [5]. As it can be seen from The thermal stability of the AS residue was studied by TGA. The DTG curve 409 obtained for AS particles (Fig. 5) showed an initial step between 40 and 150 ºC as the 410 result of the loss of volatile compounds and water [41] . Three main thermal degradation 411 peaks were observed. A similar DTG profile was observed by Essabir et al. when 412 studying the thermal stability of almond shells particles used as reinforcement in 413 polypropylene matrices. The first peak observed between 285 ºC and 320 ºC was 414 attributed to the thermal depolymerisation of hemicelluloses, and the second peak which 415 occurs in the 320-400 ºC range corresponded to the cellulose degradation. Finally, the 416 third stage is associated to the degradation of lignin at 420 ºC, which occurs slowly in 417 the temperature range due to its complex structure [24] . 418
In the case of PCL, thermal degradation in inert atmosphere takes place through 419 the rupture of the polyester chains via ester pyrolysis reaction with the release of CO 2 , 420 M A N U S C R I P T (Table 3) . 427
However, since filler loading increased some extra peaks related to the thermal 428 degradation of the AS residues were observed, being more evident for the PCL30% 429 film. This behaviour is related to the lower matrix homogeneity of this formulation. (Table 3) . 434
In conclusion, the addition of AS particles to the polymer matrix at 20 and 30 435 wt% may promote earlier degradation of the overall material. This behaviour was also 436 Novel biodegradable composites based on poly(ε-caprolactone) (PCL) and 551 almond skin residues (AS) were produced. A remarkable improvement in mechanical 552
properties with the addition of AS particles was obtained indicating the potential use of 553 this residue as reinforcement agent in PCL composites. Furthermore, the presence of AS 554 filler accelerated the degradation of the PCL matrix in the composite films, being this 555 effect more pronounced with the increase in AS contents. This effect was explained in 556 terms of the reduction in crystallinity of the polymer matrix and the high hydrophilicity 557 of the natural fibres, promoting the water uptake and, consequently, the microbial attack 558 and hydrolysis of the PCL matrix. 559
The best performance regarding the studied properties was found for composite 560 films with 10 wt% AS loading. In this sense, mechanical properties were improved with 561 good adhesion between the AS residue and the PCL matrix, as observed by SEM. No 562 significant differences were observed regarding thermal degradation and barrier 563 properties compared to neat PCL. In conclusion, this formulation can be an interesting 564 environmentally-friendly material to be used for food packaging applications showing a 565 biodegradable nature and increasing the added-value potential of almond agricultural 566 wastes. In this sense, it is clear that some reduction in transparency of the polymer 567 matrix will be obtained with the AS filler incorporation, but the obtained formulation 568 could be suitable for the development of sustainable food trays and similar containers 569 where transparency is not an issue. Finally, an additional advantage is the reduction of 570 the packaging cost by adding this residue. 
